In this paper an analytical approach is proposed to formulate the proper set of phase currents reference to ride the permanent magnet synchronous generator (PMSG)-based wind turbine (WT) through faults properly, regardless of fault type. Hence, the WT is forced to inject required reactive current by grid codes together with active power injection, to help support grid frequency during faults and reduce the energy storage system (ESS) power rating. Moreover, it prevents pulsating active power injection to the grid. During grid faults, the DC-link voltage is controlled by the ESS instead of the grid-side converter (GSC) and the GSC controller applies calculated reference currents. The ESS helps DClink voltage oscillations to be significantly suppressed during the fault. MPCC is applied to handle fast transient states.
Introduction
Among all other renewable energy sources, wind energy has been growing very rapidly in recent years [1] . Wind energy conversion systems (WECSs) are commonly based on variable speed wind turbines (WTs) consisting of doubly fed induction generators (DFIGs) [2] [3] [4] and permanent magnet synchronous generators (PMSGs) [5] . DFIG-based WECSs present some drawbacks like less reliability and high maintenance cost according to applying gearbox and slip rings [6, 7] . Aside from these, PMSG-based WECSs attracted more attention thanks to their inherent merits like less maintenance cost and more reliability, because of gearbox removal, wide operation speed range and better power factor, despite their initial installation cost and greater converter loss [8, 9] . Furthermore, PMSG-based WECSs can easily withstand grid disturbances and contribute more to grid stability [10] .
As the importance of the wind power generation rose, utility grid operators started to require them to behave in a closer manner to conventional power plants [11] and created some regulations, which are called grid codes [12] , in which the capability to ride through grid faults and voltage disturbances is demanded. These * Correspondence: ajami@azaruniv.edu This work is licensed under a Creative Commons Attribution 4.0 International License.
regulations have two major requirements in common. First, they want the WECSs to stay connected to the grid in abnormal grid conditions [11, 12] . WECSs just can be disconnected when the voltage profile goes under the grid code's guideline as shown in Figure 1a [12] . Second, WECSs should provide an ancillary service to the grid during grid disturbances by injecting a predefined amount of reactive current [11] [12] [13] [14] . Figure 1b shows the expected reactive current to be injected by the WECS, according to voltage drop level for the German grid code [12] . (a) Grid code guidelines for WT disconnection during faults [13] ; (b) Required reactive current considering the voltage sag profile in the German grid code [12] .
During grid faults, interaction between the arisen negative sequence voltage and injected currents leads to the presence of double-grid-frequency oscillations in the injected active power and DC-link voltage, which is not desired [8, 15] . Against the fact that asymmetric faults are from the absolute majority [16] , most of the grid codes are set to aim for only positive sequence current. When WECSs inject pure positive sequence reactive current, not only is positive sequence voltage boosted but also negative and zero sequence voltages are boosted too, because of the coupling nature of different sequence networks. This may lead to overvoltage in one or two nonfaulty phases [14, 17] . In order to make the unbalanced grid voltages more balanced, negative sequence current injection alongside positive sequence current is vital [14] . In addition, it is possible to eliminate the active power or DC-link voltage oscillatory term by injecting a proper set of unbalanced currents in accordance with the voltage dipping profile [18, 19] .
Because of GSC reaching its current protection limit, there will be a power mismatch between the turbine's generated and injected active power during voltage sags that causes excessive power burden in the DC-link and DC overvoltage [20] [21] [22] that should be overcome. Utilizing turbine inertia as energy storage causes mechanical tensions as it is working near nominal speed [23] and in deep voltage sags the capacity of turbine inertia is not sufficient to absorb extra power. Hence, additional protection devices such as a braking chopper (BC) [20, 22, 23] and ESS [23] [24] [25] [26] are utilized to assist the WECS operation during voltage sags.
The fault ride-through (FRT) strategy is about how a WECS contributes to the faulty grid or what current components WECS is injecting to the grid [27, 28] . Some of the released strategies are not on an analytical basis [8, 13, 19] and the formulations in [8, 9, 29] are complicated and implicit. In some others, grid code requirements (GCRs) are not taken into account completely and current references are defined according to predefined power references [8, 18, [29] [30] [31] [32] [33] , missing the fact that in grid codes just current values are mentioned, not power values.
In some of the strategies like [8, 13, 23, 30, 33] the injected currents are balanced. This not only neglects the benefits of unbalanced current injection but also pulsating active power is injected into the grid, in the case of asymmetrical faults. The methodology in [23] does not support grid frequency as injected active power is zero during the fault. DC-link voltage control is very important in the FRT strategy but is not mentioned in [13, [30] [31] [32] . Moreover, in [8, 21] DC-link voltage control is maintained by a machine-side converter (MSC), which leads to more mechanical stresses. In [8] the generated active power is limited to avoid the overcurrent (OC) problem in the GSC. Another important aspect is to maintain the amplitude of phase currents in an acceptable margin, which is missed in some cases [21, 31, 32] . In [18] reference currents are scaled to the nominal current capacity of the GSC, which may result in disagreement with the values mentioned in the grid code.
In the present paper an analytical approach is proposed, in which unbalanced current references for the GSC are calculated explicitly by clear formulation, which completely complies with GCRs and is in accordance with the voltage dipping profile and severity, without knowing about fault type. The oscillating active power flow is prevented and DC-link voltage control is transferred from GSC to ESS during the fault. The GSC injects the required amount of reactive current and an active current component, in order to reduce ESS power rating, without OC occurrence. Furthermore, ESS operation majorly reduces DC-link voltage fluctuation. Considering the fact that lower and constant switching frequency is very prominent at MW level and according to rapid nature of transient states MPCC is applied as a satisfactory alternative, which is proposed in [34] and applied in [30, 35] .
The present paper is organized as follows. Section 2 is dedicated to formulate phase current limitation and reference current calculation. Section 3 contains a description of the coordinated controller for the GSC, ESS, and BC. Numerical examples and simulation results are presented in section 4 in order to validate the obtained equations and to show the effective performance of the proposed strategy under different faulty conditions. Finally, a brief conclusion is presented in section 5.
The proposed strategy
A typical PMSG-based WECS consists of three main pieces of equipment: a WT, a PMSG, and a back-to-back (BTB) converter. The MSC attains variable speed operation to extract the maximum possible wind energy and the GSC delivers the synchronized power to the grid. The configuration of a PMSG-based WT accompanied by a BC and an ESS is depicted in Figure 2 . Grid codes want the WECS to stay connected to the grid during the fault time interval and inject a special amount of reactive current with respect to the positive voltage drop level. For example the German grid code requires reactive current injection by the WT to support grid voltage as follows:
The apparent power (S) in unbalanced condition can be expressed in terms of positive and negative voltage and current sequences as
Here 'd' and 'q' subscripts stand for direct and quadrature components. The d-q decomposition is very suitable for power description in unbalanced circumstances, because it deals with DC values and helps to identify power elements clearly. The above multiplication can be rewritten in matrix form, which leads to active and reactive power components definition just like
Here
First, it is assumed that I + and I − are positive and negative sequence components of the currents supposed to be injected to the grid, which are attached to their respective synchronous reference frames, rotating with ω angular frequency clockwise and counterclockwise with initial phase angles of φ + and φ − , respectively. The rotating space vector of I + and I − related to the stationary αβ reference frame is illustrated in Figure 3a . 
Here subscripts ' d+' and ' q+' refer to d and q components of the resultant space vector on the positive sequence reference frame. The amplitude of the resultant current space vector ( |I + | ) is obtained by
The summation of a "sin" term and a "cos" term can turn into just one new "cos" term, according to the fallowing trigonometric rule:
Applying the abovementioned rule gives
As the maximum and minimum values of the "cos" function are ' +1' and '-1', respectively, the maximum of the term |I + | 2 would be
Locking positive and negative sequence reference frames to positive and negative sequence voltage vectors
Considering the abovementioned equation and evaluating P c2 and P s2 equal to zero will lead to
Combining Eqs. (9), (11), and (12) results in
The resultant current amplitude should be smaller than the GSC rated current, which means |I + | max < I rated
Then it can be concluded that
Then the maximum value for I + d will be
The I + q and I − q values are defined according to (12) together with required reactive current in the grid code (Eq. (1)), which leads to a system of linear equations as below: (16) Here I qgc is required reactive current in the grid code.
The cost of establishing a high power ESS is too high; thus it is preferred to choose the ESS power rating as 0.3 of the WT rated power [23, 26] . As in most grid faults injecting the reactive current required by the grid code does not occupy the whole current capacity of the GSC, injecting a portion of the generated active power during the fault can help reduce the ESS power rating, while maintaining the ESS's healthy operation. In fact, in the proposed FRT strategy, by injecting a portion of the generated active power, a considerable part of the generated power by the WT is handled, which can help reducing the ESS size and power rating, because the amount of nondeliverable power, mismatched between the WT and the faulty grid, is reduced. Thus, the amount of power that should be treated by the ESS (and BC) is equal to the subtraction of the injected power from the generated power, and hence the power to be treated is reduced. This allows us to reduce the power rating of the ESS, where the ESS power rating is chosen as 0.1 p.u. In order to reduce the ESS power rating from 0. 
In fact, by injecting a portion of active power (0.2 p.u.), a part of the WT's generated power is handled, which can help reducing the ESS size and power rating, because the amount of nondeliverable power is reduced and a smaller ESS with less power rating can handle the excess power in collaboration with the BC. This idea is one of the contributions in the proposed method.
Now all the four current elements of the injected current by the GSC of the WECS ( I
, and I − q ) are defined clearly, providing the required reactive current in GCRs without injecting pulsating active power. Moreover, the power rating of the ESS is reduced from 0.3 p.u. to 0.1 p.u., which is very important and significantly reduces the high cost of ESS establishment.
Description of the coordinated controller for the GSC, ESS, and BC
In normal conditions, the GSC injects just I + d (no reactive current) in a way that injected power equals generated power and maintains DC-link voltage at its reference value by controlling I + d . However, in a faulty grid condition, the GSC gives up controlling DC-link voltage to the ESS and generates currents according to reference signals obtained in the previous section itself. The GSC controller configuration can be seen in Figure   4 . In a faulty grid condition, I
+ q , and I − q are generated according to (16) and (18) . Then the current components are fed to the related (positive or negative sequence) inverse Park transformation block, which gives out positive and negative sequence "abc" currents, separately. The reference angle for transformation is extracted by two separate phase-locked loops (PLLs), each dedicated to one of the sequences. In addition, grid voltages are decomposed into d-q components through a dual-double synchronous reference frame (DDSRF). As the positive and negative sequence voltages are generated by using their own reference angle, the "q" component of both sequence voltages will be zero. After that, these "abc" currents are added together to give out final current reference signals in "abc" form, which is fed to the MPCC block and the GSC will synthesize the currents.
MPCC is exerted in order to modulate reference currents for both GSC and MSC, which is discussed here briefly. Model predictive control (MPC) is based on the fact that just a limited number of feasible switching the variable is compared with the measured value and a cost function-minimizing configuration is chosen [34] .
The CF to control the output current of the converter, assuming negligible change of reference values in one sampling period, is expressed in αβ coordinates as
Here '*' and 'p' superscripts stand for reference and predicted values, respectively.
The dynamic equation of load (here the grid) can be described as
In the abovementioned equation, "v" is inverter output voltage vector, "i" is load current vector (here injected current to the grid), "e" is load's back-EMF (here grid voltage), and R and L are load resistance and inductance (here equivalent resistance and inductance of the output filter and grid impedance).
A discrete-time model is used to predict load current in next sampling interval from voltages and measured currents at the "n'th" sampling instant. The forward Euler method is used to approximate load current derivative as
Substituting (21) in (20) leads to prediction of load current at 'n +1' interval for seven possible output voltage vectors, v(n), (related to different possible switching configurations), by
Hereê(n) is estimated grid voltage that can be calculated from (20) and measured voltages and currents, considering high sampling frequency (e.g.,ê(n) =ê(n − 1)) aŝ
Now it is possible to predict i p (n+1) for all possible inverter switching configurations and the one that minimizes the CF will be applied in the next sampling instant.
The ESS has two control loops. The outer loop stabilizes DC-link voltage and generates the reference value for the inner current loop, which controls the electric double-layer capacitor (EDLC)'s current. The outer loop forces the ESS to absorb as much of the power that stabilized DC-link voltage at its reference. ESS power is calculated from EDLC current and voltage ( I ESS and V ESS ) as
In order to control the EDLC's current, the DC/DC converter's boost inductance voltage ( V L ) should be inspected:
Here L ESS and D ESS are the boost inductance and duty cycle of the bidirectional DC/DC converter, which can be described as
In a faulty grid condition, when the ESS capacity is not sufficient to absorb the whole extra power, the BC is activated to treat residue surplus power:
The S 3 switch duty cycle of the BC in Figure 5 is calculated as
The control gains can be found in the Table. 
Operation analysis and simulation results
To verify the effectiveness of the proposed FRT strategy, three different simulation scenarios for FRT of a 3 MW PMSG-based WECS, including two asymmetric faults and one symmetric fault, were performed and the results are discussed. In all cases the fault occurs in 0.6 to 1 s interval and the fault impedance is 0.001 + j0.0019. The simulations are implemented in MATLAB/SIMULINK environment with a solution time step of 1 µ s. The system characteristics can be found in the Table. Simulation results for this scenario are depicted in Figure 8 . As is shown, currents are balanced and the required reactive current is injected without active power injection and the extra active power is coped with by the reduced size ESS and the BC, while controllers push the current components to their reference values accurately.
Conclusion
In this paper a novel cost-effective FRT strategy is proposed for PMSG-based WTs during grid faults. The unbalanced current reference signals are calculated by a clear analytical approach that provides the demanded reactive current by grid codes (when disturbed) without pulsating active power injection. The overall system, controlled by the proposed FRT strategy, offers the capability of riding through the fully interrupted grid voltage for WTs, satisfying GCRs thoroughly.
The main point of this strategy is that it does not care about fault type or dipping voltage profile, while, on the other hand, the calculated reference currents are careful about the current protection threshold and are completely in compliance with GCRs.
Reducing the ESS's power rating makes it cost effective and affordable without any drawbacks in its performance. The reduced-size ESS properly controls DC-link voltage during faults and lets the GSC inject the calculated currents. The ESS reduces the DC-link voltage oscillatory term to almost negligible. Three different scenarios including asymmetric and symmetric faulty grid conditions have been analytically presented and simulated to confirm the validity and effectiveness of the proposed FRT strategy.
